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AERODY:'#AMIC CHARACTERISTICS OF 10-PERCENT THICK
NASA SUPERCRITICAL AIRFOILS WITH DIFFERENT APT CANBER
By Charles D. Harris
Langley Research Center
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SU ffWY
Experimental aerodynamic characteristics of several supercritical airfoils
interim to the improved 10-percent thick NASA supercritical airfoil 26a are
presented without analysis. The airfoils have related slope and curvature
distributions over the rear which result in different aft camber. For identi-
fication the airfoils are designated supercritical airfoil 12, 13, 21, 22, and
24.
INTRODUCTION
During the recent development of the improved 10-percent thick NASA
supercritical airfoil 26a (ref. 1) a number of contour modifications were
evaluated. These modifications were intermediate steps toward a definite
design goal but may be organized into small groups of related contour variations.
One such grouping showed the effects of variations in surface slope and
curvature distributions over the rear portion of the airfoil. Although not
approached from the standpoint of camber effects per se, the variations of
surface slope and curvature distributions resulted in airfoils with different
aft camber and, for convenience, were referred to in this manner.
The purpose of this report is to document the aerodynamic characteristics
of these airfoils with different aft camber to provide a further source of
systematic experimental data for supercritical airfoils. Results are presented
without discussion.
The wind tunnel results presented herein for Mach numbers from 0.50 to
0.83 were obtained in the Langley 8-foot transonic pressure tunnel. Normal-
force, drag, and pitching-moment coefficients were determined from static-
pressure measurements along the surface of the airfoil and total-pressure
measurements in the wake of the model.
SYMBOLS
Values are given in both SI and U. S. Customary Units. Measurements and
calculations are made in U. S. Customary Units.
C 
	 pressure coefficient, p l
 - Pm
q.
^r ORIGIN'
OF POOR QUA^'►
Cp,sonic pressure coefficient corresponding to local Mach number of 1.0
c	 chord of airfoil, 63.5 centimeters (25.0 inctaes)
c 
	 section drag coefficient, E d ' Az
x
c d I	 point drag coefficient (ref. 2)
cm
	section pitching-moment coefficient about the quarter-chord point,
E (0.25 - c ) AC -FCp
 (0.25 - c) ec
u
1	 /	 1
c n
	section normal-force coefficient , Cp
	
-ECp AX1	
u
K	 surface curvature, reciprocal of local radius of curvature
M	 Mach number
m	 surface slope, ddy
P	 static pressure, newtons per meter  (pounds per foot2)
q	 dynamic pressure, newtons per meter  (pounds per foot 2)
R	 Reynolds number based on airfoil chord
x	 ordinate along airfoil reference line measured from airfoil
leading edge, centimeters (inches)
Y	 ordinate normal to airfoil reference line, centimeters (inches)
z	 vertical distance in wake profile measured from bottom of rake,
centimeters (inches)
a	 angle of attack of airfoil reference line, degrees
Subscripts:
I	 local point on airfoil
to	 trailing edge
Co	 undisturbed stream
2	 ^^
Abbreviations:
1	 airfoil lower surface
u	 airfoil upper surface
AIRFOIL DESCRIPTIONS
The supercritical airfoil basic concept and detailed design philosophy
are discussed in ref. 3.
Airfoil profile sketches and surface slope and curvature distributions
for the airfoils reported herein are shown in figures 1 and 2 and coordinates
are given in Tables I ar..' II. The airfoil number designations shown in these
figures are assigned for identification and the airfoils are referred to by
these designations hereafter. The mean lines shown in figure 3 are the lines
representing the locus of points midway be.veen the upper and lower surfaces
of the airfoils measured perpendicular to the reference line and provide an
indication of the relative camber of the various airfoils.
Supercritical Airfoils 12 and 13
Early supercritical airfoil research resulted in a 10-percent thick airfoil
(designated as airfoil 11) with a ratio of trailing-edge thickness-to-chord
ratio of 0.007 and a design normal-force coefficient of 0.70. Airfoil 11
exhibited undesirable drag creep characteristics between the subcritical and
drag divergence conditions however. A subsequent research effort was dire^.ted
toward development of a supercritical airfoil with the lower design normal-
force coefficient of about 0.55 and without the troublesome drag creep problem.
The result was the improved supercritical 26a of ref. 1.
Airfoil 12 was the first step in the development of airfoil 26a and its
aerodynamic characteristics are compared to those of airfoil 11 in ref. 1.
Airfoils 11 and 12 both possessed the characteristic supercritical airfoil
features; large leading-edge radius, flattened mid-upper surface, and sub-
stantially cambered aft region with surface curvature continuously increasing
from the position of maximum thickness to the trailing edge. On the lower
surface there was a discontinuity in curvature at about the 67-percent chord
station where the slope distribution indicates a sharply defined inflection
point on the shoulder entering the cusped region. The most significant differ-
ences between airfoil 11 and 12 were a reduction in the rate at which the
curvature increased over the rear upper surface and a reduction in trailing-
edge slope from -0.37 to -0.34 (a reduction in trailing-edge angle of about
1.50 ). The vertical location of the trailing edges of the two airfoils
coincided.
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Since the modifications resulting in airfoil 12 was a step in the right
direction.a further, similar aidification was made and designated super-
critical airfoil 13. Relative to airfoil 12, the curvature over the upper
surface of airfoil 13 (see figure 2(a)) was slightly increased from the position
of maximum thickness to the 70-percent chord station and substantially reduced
from there to the trailing edge. In addition, the vertical location of the
trailing edge was rai..ed by 0.0027c and the trailing-edge slope further re-
duced from approximately -0.34 to -0.27 (a reduction in trailing-edge angle
of about 3.7 1 ). The curvatures over the !over surface (fig. 2(b)) were re-
duced from near the position of maxim= thickness to the trailing edge. As
a result of these modifications there was a reduction in aft camber as indicated
by the mean lines in fig. 3.
Supercritical Airfoils 21, 22, and 24
Following airfoil 13, successive modifications (airfoils 14 to 21) in-
volving alterations to the curvature distribution over localized regions were
incorporated into the model. Such modifications do not fall within the scope
of this report however, and will not be discussed. The differences between
the mean lines of airfoils 13 and 21 are indicated in fig. 3, however.
Airfoil 22 involved displacing the trailing edge of airfoil 21 upward by
approximately 1/2 (t/c) while maintaining the same trailing-edge slope
NJ -0.27). Small local contour zhanges were also included to smooth
irregularities in the pressure distributions observed during preliminary
testing of airfoil 22. These local contour changes were in the nature of
what has come to be referred to as contour tuning and are reflected in the
coordinates of Table II and the geometric sketches of figs. 1 and 2.
The modification of airfoil 22 to airfoil 24 involved increasing the
trailing-edge slope from approximately -0.27 to -0.30 (an increase in trailing-
edge angle of about 1.61 ) to regain some of the lift lost by raising the
trailing edge on airfoil 22. The change in trailing-edge slope was accompanied
on the upper surface by small modifications as far forward as the 44-percent
chcrd station. Changes on the lover surface connected with the change in
trailing-mange slope were conf c.t_^ ^(, aj,i,rt,xLuately the rearmost 10-percent of
the airfoil. These were, however, small changes over approximately the mid
40-percent of the lower surface to smooth irregu)arities in the pressure
distributions.
Between airfoils 22 and 24 there was an unfavorable modification to the
forward upper surface curvature distribution (airfoi1;23) which was deleted
on airfoil 24.
APPARATUS AND TECHNIQUES
Models
The wind tunnel models, mounted in an inverted^o sition, spanned the
width of the tunnel with a span-to-chord ratio of 3.43. They were constructed
with metal leading and trailing edges and with a metal core around which
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plastic fill was used to form the contours of the airfoils. Angle of attack
wa:► ,changed manually by rotating the model about pivots in the tunnel side-
walls. Sketches of one of the airfoils mounted in the tunnel and the profile
drag rake are presented in figure 4 and a photograph of one of the airfoils
and the profile drag rake mounted in the tunnel is shown as figure 5(a).
Although not included on the sketches of figure 1, a trailing-edge cavity
(fig. 5(b)) shown in ref. 4 to have a favorable effect on the wake was included
on both airfoils.
Wind Tunnel
The investigation was conducted in the Langley 8-foot transonic pressure
tunnel. This tunnel is a continuous flow, variable pressure wind tunnel with
controls that permit the independent variation of Mach number, stagnation
pressure and temperature, and deer,'- . It has a 2.16-meter-square (85.2-inch-
square) test section with filleted _:.hers so that the total cross-sectional
area is equivalent to that of a 2.44-meter-diameter ( 8-foot diameter) circle.
The upper and lower test section walls are axially slotted to permit testing
through the transonic speed range. The total slot width ati the position of
the model averaged about 5-percent of the width of the upper and lower walls.
The solid side walls and slotted upper and lower walls make this tunnel
well suited to the investigation of two-dimensional models since the side
walls act as end plates and the slots permit development of the flow field in
the vertical direction.
Boundary-Layer Transition
Lased on the technique discussed in reference 5 boundary-layer transition
was fixed along the 28-percent chordline on the upper and lower surfaces of
the models in an attempt to simulate full-scale Reynolds numbers by providing
the same relative trailing-edge boundary-layer-displacement thickness at model
scale as would exist at full scale flight conditions. The simulation technique,
which requires that laminar flow be maintained ahead of the transition trip,
is limited on the upper surface to those test conditions in which shock waves
or other steep adverse pressure gradients occur behind the point of fixed
transition so that the flow is not tripped prematurely. Full-scale simulation
on the lower surface would be valid through the Mach number range of the
investigation since laminar flow can be maintained ahead of the trip for all
conditions. The transition trips consisted of 0.25 cm (0.10 inch) wide bands
of Number 90 carborundum grains.
Measurements
Surface pressure measurements.- Normal-force and pitching moments acting
on the airfoils were determined from surface static pressure measurements.
The surface pressure measurements were obtained from a chordwise row of
orifices located approximately 0.32c from the tunnel centerline. Orifices
were concentrated near the leading and trailing edges of the airfoil to dofine
the severe pressure gradients in these regions. In addition, a rearward
facing orifice was included in the cavity at the trailing edge (identifiLd at
an upper surface x1c location of 1.00). The transducers used in the differen-
tial pressure scanning valves to measure the static pressure at the airfoil
surface had a range of +68.9 kN/m 2 (10 lb/in 2).
Wake measurements.- Drag forces acting on the airfoils, as measured by
the momentum deficiency within the wake, were determined from vertical varia-
tions of the total and static pressures measured across the wake with the
profile drag rake shows; in figure 4. The rake was positioned in the vertical
centerline plane of the tunnel, approximately one chord length rearward of the
trailing edge of the airfoil. The total pressure tubes were flattened hori-
zontally and closely spaced vertically (0.36 percent of the airfoil chord) in
the region of the wake associated with skin-friction boundary-layer losses.
Outside this region, the tube vertical spacing progressively widened until in
the region above the wing where only shock losses were anticipated, the total-
press-ire tubes were spaced apart about 7.2-percent of the chord. Static
pressure tubes were distributed as shown in figure 4(b). The rake was attached
to the conventional centerline sting mount of the tunnel which permitted it
to be moved vertically to center the close concentration of tubes in the
boundary-layer wake. The transducer in the valve connected to total pressure
tubes intended to measure boundary -layer losses had a range of +17.2 kN/m2
(2.5 lb/in2 ); and the transducer in the valve for measuring shock losses and
static pressure had a range of +6.9 kN/m2 (1 lb/in2).
Reduction of Data
Calculation of cn
 and cm.- Section normal-force and pitching-moment
coefficients were obtained by numerical integration (based on the trapezoidal
method) of the local surface pressure coefficient measured at each orifice
multiplied by an appropriate weighting factor ( incremental area).
Calculation of e d .- To obtain section drag coefficients, point drag
coefficients were computed for each total pressure measurement in the wake
by using the procedure of reference 2. These point drag coefficients were
tliu.. summed by numerical integration across the wake, again based on the
trpezoidal method.
Wind-Tunnel.-Wall Effects
Two major types of wind-tunnel-boundary interference effects which may be
treated separately are solid and wake blockage at zero lift and lift-induced
interference. Blockage effects are theoretically small for this particular
model-tunnel configuration (see, for example, ref. 6); consequently, no
corrections have been applied to the data to account for blockage effects. Lift
interference manifests itself as an effective upward inclination (relative to
the tunnel centerline) of the stream approaching the inverted model. This flow
angularity is proportional to the amount of lift generated by the model and
results in the aerodynamic angle-of-attack being less than the measured geo-
metric angle-of-attack, particularly at the higher lift coefficients. Experi-
ence has indicated, howeve-, that the correction required to account for lift
interference effect is generally much smaller than would be predicted by theory
and because of this uncertainty, the uncorrected geometric angles of attack are
used herein.
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Tests were conducted at Mach numbers from 0.50 to 0.8y for a stagnation
pressure of 0.1013 NN/m. (1 atm.). The stagnation temperature of the tunnel
air was automatically controlled at approximately 322K (120°F) and the air was
dried un`." the dewpoint in the test section was reduced sufficiently to avoid
condensh,i . n effects. Resultant test Reynolds numbers based on the airfoil
chord are as shown in fig. 6.
PRESENTATION OF RESULTS
The experimental data reported herein are presented without analysis and
are arranged in the following figures:
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TABLE I • - SEICTION C 
	
P .OORDINATES pg	 4F p ; 	 1$AIRFOILS 12 AND l3 ^'MCRITICAL	 GC:;	 ^ ^ tTy
fc a 63.5 cm (25 in.); leading-edge radius 0
.0212c]
x/c (Y/c )u (Y/c) (Y/c )u1 tv/c)
1
Airfoil 12
0.0 Airfoil 13
.0105
0.0
0.137 0. 0
.02 .0181
.0232 -.0182
. 0137 0,
 
4
-.0137
. 03
.04 •0267 '0237
.0181
0232 -.0182
.05 .0294
-.0274
-.0304 .0267
-.0237
.06 .0396
-,0328 . 0294
-.0274
-.0304
.07
.08 .0351
.0366
-.0348
.0365
•0316
-.0328
-.031.18
.09
.10 .0378
-.0381
- .0394
.0351
.0366 -.0365
.11 .0390
.04o1 -.0406
.0378 -.0381
-.c194
.13 .0410
-
- .0417
 
• 0390
.04ol !.0406
. 14
.0427
-0443
.
OL19 -.0427
.15
^, J .0434
-.0450
0427 .0435
.1'; 04400447 -.41+57 0434
.0440
-..044 3
-. 4450
.19 x452
.0457 -.0468
.o447 -.0457
-.0462
.20
.0462
-.0472
,0452
.0457
5
-.0468
. 21
.22 .0466
.0470
-. 0476
, .0480 .04 -. 0472
-.0476
.24
.0477 -.0487
.0466
-.0480
.25
.0480 -.0489
.04 7
04
-.0484
-.0487
.27 .04830486 9-.04 4
.o480 -.0489
-.o492 
9
.
.0488
°•^94
-.0497
.0483
;86.01
•30 .04900492 -.0498
.0490
0488 -.0495
-.0497
431 .
.0493 -.0499
.0492 -.04 8
.32
.33 .0495
-.0499 0493
-.0490
' 34
.0496 -.0500
-.0500 :040495
-.0499
.35 .0497.0498
-.0500 '0496
-.0500
-.0500
-.0500
:0498 -.0500
-.0500
9
AZT,	 _ F
^
OF P.- g,
7AB E L- SECTION COORUINA`IUAIRFOILS 12 AND 13 - COntln
ued
x/c
(y/c )u
	 We ) 1
Airfoil 12
(y/c )u r---^Or/c )1
lr
.36
.37
.38
.39
.4o
.41
•42
.43
.44
.45
.46
.47
.48
.49
•50
•51
•53
•54
•55
.56
•57
.58
.61
.62
•6J
.64
.65
.66
.67
.68
.69
.7o
.71
.72
.73
.74
•75
. 0499
.0499
•0500
.0500
•0500
.0500
.0500
.0499
.0499
.0498
.0498
.0497
.0496
.o495
.0493
.0492
. 0490
.0489
.0487
.o485
.0482
.o480
.0478
.0475
.o472
.0469
.0465
.0462
.o458
.0454
.0450
.0445
.0440
.0435
• 0430
.0424
.0418
.041.1
.0404
0397
	 i
-.0499
-.0498
-.0497
-.0495
-.o494
-.0492
-.0490
-.0488
-.o486
-.0483
.o480
-.0476
-.o472
-•0468
-.0463
-.0458
-.0452
-.0446
-.0438
-.0430
-.0421
-.0411
-.0400
-•0388
-0375
-.0360
-.0343
-.0345
-.0305
-.0282
-.0258
-.0234
-.021.0
-. 0188
-.0167
-.0146
-.0126
-.0107
-.0090
. 0499
.0499
•0500
.0500
.0500
•0500
.0500
.0499
.0499
.0498
.0498
.0497
.0496
.0494
•0493
.0492
.o490
.0488
.0486
.0484
.0481
. 04 79
.0476
•0473
.o4%
. 04 66
.o462
.0458
.0454
.0449
.04),5
. N39
.0434
.042.8
.0422
	
1
.0415
.0408
.04ol
.0393
.0384
Airfoil 13
-.0499
-.0499
-.0498
-.0497
--0)195
- .0494
-.0492
-.o490
-.0488
-.0486
I	 -.0483
-.0480
-.0476
-.0473
-.0468
-,0464
-.0459
-.0453
-.0447
-.C44o
-.0432
-.0424
-.0414
-.0404
-•0392
-•0380
- 0366
•0350
--0333
-.0315
-. 02.9)4
-.0 72
-.0249
0228
-.0207
-.0187
-.0168
-•0150
-.0131
-. 0114
OF E
TABU I
• - SECTION COORDIIPATES OFAIRFOILS 12 AND 13 SUPERCRITICAL
- Concluded
v/r ^X/c u
-•
^y/c )1 (Y/c 1 u -----^^y/c )1
Airfoil 12
-
..^- Airfoil
---_^.13
.76 •0389
.7$ •0380 -.009g73 •0376
-.00 89
•79 •0371
•0361
-	 47.00 2 •0366
•0357
--0083
-.0068.80
.81
-.0028
0336
.82 •0340
.0329
-.0015
-.0003
-.0055
-.0042
.83 0316. .0007
.0324
.0312 -.0030
.84
. 85
0336 •0017
.0025
.0880
-.001,9
-,0009
. 86 . 0289
.0275 .0031. 7
.0273 -.000.1
.87
.88
.0259 .0036
.0o4o .0258
.0007
.0013
•89
'
.0224 •0042
.0227 .0018
'90
•91
.0206 .0042
.0040 .0211
.0021
.0023
•92 .02$6
.0164 ^	 ,0036
.OIL
.0175 •OU23
' 93
•94
.0142 .0030
.0021 .0156
.0022
.001.
•95
•ail$
.0010 .0136 .0012
.g6
.0o66 _.0005 .0093 •0005
!	
•98 -.0023
.0047 -.003j	 • 99 .0008
.0024 p !' "67	 ! . 002?_ - .0034 
`'^'
-.U00^  
-.0053
_------
1!I
- . 0100
11
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TABLE II.- SECTION COORDINATES L
A'OILB 21s 2222AID OF 3MERCR?TICAL24
jc 63.5 em (25 
in.); le^n8 edge radius 0.0203c,j
x/`
(Y/c )u	 (Y/c)1	 (Y/c )u (Y/c)1
	 (Y/c)u (Y/c)I
Airfoil 21
Airfoil 22
0.0	 0.0	 0 .  	 Airfoil 21t
.005	
.0136
	
0.0
.01
	
.0177	 -.0131	 .4136	 0.o	 0`0	 0.0
.02
	
.0225
	
-.0178
	
.0177	 0136 -.0131
.04	 .0257	 -. 0261	
-.0178
* 0225
	
-.0228
	
. 
017
3.7
7	
' • 0178
.0281
	 'Q257	
-.0261
	
'•0228
.05	
.0302
	
-.0285
	
.028.1	
-	
.0257
	
-.02610285
.06
	 00319
	-•0306	
.0302
	
- 0306
	
•0281	
-.02850324
	 0318
.08
	
•0335	 .
	
-3	
•4335
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Figure 19. - Com parison of force and moment characteristics
of supercritical airfoils 21, 22, and 24.
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